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Previously, we identified proteins showing a differential acetylation pattern during adipogenic differen-
tiation. Here, we examined the role of malate dehydrogenase 2 (MDH2) acetylation in the adipogenesis of
3T3-L1 preadipocytes. The acetylation level of MDH2 showed a dramatic increase during adipogenesis.
The overexpression of wild-type MDH2 induced the significant acceleration of adipogenic differentiation.
On the other hand, the acetylation-block mutant MDH2 showed significantly reduced adipogenic differ-
entiation compared to the wild type. MDH2 acetylation enhances its enzymatic activity and consequently
intracellular NADPH level. These results suggest that the acetylation of MDH2 was affected by the cellular
energy state and subsequently regulated adipogenic differentiation.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Post-translational modifications (PTMs) of proteins play crucial
roles in cell signaling, protein–protein interaction, protein stability
and enzymatic activity. Among a number of PTMs, acetylation on
lysine resides of non-histone proteins has emerged as a key PTM
for controlling protein functions in both bacteria and mammalian
cells [1,2]. Lysine acetylation is catalyzed by lysine acetyltransfer-
ases (KATs), and the reverse reaction occurs due to lysine deacety-
lases (KDACs). Recently, proteomic studies have revealed more
than 2000 proteins that are modified by acetylation. However, only
a small fraction of these proteins has been investigated to deter-
mine how acetylation influences their functions [3–6].

Adipocytes have crucial roles in energy homeostasis, and they
store excess energy as triglycerol. Adipogenesis is a delicately
controlled cellular differentiation process in which preadipocytes
are transformed into mature adipocyte cells [7]. Obesity is a grow-
ing health problem worldwide, associated with increased risk of
chronic diseases. Obesity is caused by both an increased adipocyte
size (hypertrophy) and increased adipocyte numbers (hyperplasia).
Therefore, deeper understanding of the molecular basis of adipo-
genesis is essential to overcome the ill effects of obesity [8]. A
number of studies of adipogenesis have been performed in an
effort to reduce the burden of obesity [9,10]. However, more
extensive investigations of the roles of PTMs, especially acetyla-
tion, in adipogenesis are necessary.

Malate dehydrogenase catalyzes the reversal oxidation of
malate into oxaloacetate, utilizing the NAD+/NADH cofactor sys-
tem. Mammals have two isozymes-MDH1 (encoded cytosolic
enzyme) and MDH2 (encoded mitochondrial enzyme) [11].
MDH1 is localized in cytosol and may play a pivotal role in the
malate-aspartate shuttle, which in turn influences the metabolic
coordinator between cytosol and mitochondria. On the other hand,
the mitochondrial enzyme, MDH2, plays a key role in the TCA cy-
cle. Recently, we reported a variety of acetylated proteins during
the adipogenic differentiation of 3T3-L1 preadipocyte cells [4].
We also found that the acetylation of MDH1 is increased during
adipogenesis and that acetylation enhances its enzymatic activity.
Activated MDH1 supports acetyl-CoA and NADPH for fatty acid
synthesis [4]. Here, we examine the effects of MDH2 acetylation
on adipogenesis.

2. Materials and methods

2.1. Cell culturing and adipogenic differentiation

3T3-L1 cells derived from mouse embryonic fibroblasts were
purchased from ATCC. The cells were cultured in a growth medium
(high-glucose DMEM containing a 1% antibiotic–antimycotic solu-
tion and 10% bovine calf serum; Gibco-Invitrogen, Carlsbad, CA) at
37 �C in a humidified atmosphere with 5% CO2. GP2-293 packaging
cells were grown in DMEM containing a 1% antibiotic–antimycotic
solution and 10% FBS. 3T3-L1 cells were induced to differentiate
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into mature adipocytes, as described in our previous reports [4,10].
Confluent 3T3-L1 cells were incubated in a differentiation medium
composed of DMEM, 10% FBS, and MDI (a differentiation cocktail of
0.5 mM 3-isobutyl-1-methylxanthine, 1 lM dexamethasone, and
10 lg/ml insulin [Sigma, US]). After 48 h, the medium was changed
to a maintenance medium (DMEM, 10% FBS, and 10 lg/ml insulin).
The medium was replenished every other day [10].
2.2. Oil-Red-O staining

Differentiated cells were washed twice with PBS and fixed with
10% formalin for 30 min at room temperature. The cells were then
washed with distilled water and stained for 30 min at room tem-
perature with 0.3% filtered Oil-Red-O solution in 60% isopropanol
(Sigma, St. Louis, MO). The stained cells were washed with distilled
water, and micrographs were obtained. To extract the incorporated
Oil-Red-O dye, absolute isopropanol was added to the stained cul-
ture dish, and the dish was shaken at room temperature for 30 min.
Triplicate samples were read at 510 nm using a GeneQuant 1300
spectrophotometer (GE HealthCare, Uppsala, Sweden) [10,12].
2.3. Construction of retroviral vectors and transduction

To construct 3T3-L1 cells that stably express a FLAG-tagged
wild-type or mutant MDH2 protein, a retroviral infection system
was used. For the expression of MDH2, DNA encoding the FLAG-
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Fig. 1. The ectopic expression of MDH2 accelerates the adipogenic differentiation of 3T
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tagged MDH2 was inserted into 3T3-L1 cells using the pRetroX-
IRES-ZsGreen1 vector (Clontech). For virus production, GP2-293
cell lines were transfected using Lipofectamine 2000 (Gibco-Invit-
rogen). The details of the transfection and transduction methods
are described in our previous reports [4]. Infected cells were
selected using a FACSAria cell sorter (BD Biosciences, San Jose,
CA) and were further maintained in a growth medium. The ectopic
expression of MDH2 was confirmed by a Western blot analysis
using anti-FLAG and anti-MDH2 antibodies.
2.4. Introduction of mutations at putative acetylation sites

FLAG-tagged MDH2 was mutated using the EZchange™ Site-Di-
rected Mutagenesis kit (Enzynomics, KR) [13]. The putative acety-
lation sites in MDH2 were mutated to arginine. Arginine is charged
and abolishes acetylation. The sites mutated in this study were
based on those reported by Zhao et al. [14] (K301, K307 and
K314). We introduced this type of mutation at all three sites of
MDH2.
2.5. Activity assay of MDH2

The cells were washed twice with ice-cold PBS and lysed by an
extraction buffer (MDH2 activity assay kit; Abcam, Cambridge, UK)
containing KDAC inhibitors (10 lM trichostatin A, 10 mM nicotin-
amide and 50 lM butyric acid; Sigma). After centrifugation, a
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quantitative analysis of the supernatants was performed using a
Bradford assay (Bio-Rad). 100 ll of each diluted sample was added
into each well and the samples were incubated for 3 h at room
temperature. Each well was washed twice with 300 ll of a wash
buffer. Next, the MDH2-coated wells were reacted with an activity
solution. The reaction was monitored on a microplate reader at
450 nm with shaking.

2.6. Analysis of intracellular NADPH levels

The NADP/NADPH assay kits (Abcam, Cambridge, UK) were
used to measure the intracellular NADPH level. The cells were
washed three times with PBS and placed in NADP/NADPH extrac-
tion buffer. The washed cells were extracted by two freeze
(20 min on dry-ice)/thaw (10 min at room temperature) cycles,
after which the cell lysates were suspended with buffer using gen-
tle sonication. The concentration of the eluted proteins was
checked using a Bradford assay (Bio-Rad). An NADPH standard
was made using a serial dilution of NADPH. The NADPH reaction
was monitored on a microplate reader for 1–4 h at 450 nm.
3. Results

3.1. The ectopic expression of MDH2 induces the acceleration of
adipogenesis

Through an acetylome analysis during the adipogenesis of the
3T3-L1 cells, a variety of proteins showing differential acetylation
patterns were obtained. Among these, the acetylation level of
MDH2 was dramatically enhanced during adipogenesis, although
the expression level also slightly increased [14]. To clarify the
functional roles of MDH2 acetylation, we examined the effect of
the ectopic expression of MDH2 on adipogenic differentiation as
an initial step. 3T3-L1 cells were infected with FLAG-tagged
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Fig. 2. MDH2 acetylation depends on the extracellular glucose concentration. (A) The 3T
12 days of differentiation, the cells were stained with Oil-Red-O. (B) Quantification of st
measured by a Western blot analysis using an anti-acetyllysine antibody. (D) Quan
concentrations. The quantification value was calculated based on the intensity of (C).
full-length human MDH2 using a retroviral expression system
(IRES-GFP), after which only infected cells were enriched by a FACS
sorter. As shown in Fig. 1A, most of the cells were GFP-positive,
indicating that the MDH2 was well expressed in most cells. The ec-
topic expression of MDH2 was also revalidated by a Western blot
analysis (Fig. 1B). The enriched cells were induced to differentiate
into adipocytes by culturing with a differentiation medium. The ec-
topic expression of MDH2 significantly promotes adipogenic differ-
entiation compared to that with a vector control (Fig. 1C and D).
The MDH2 ectopic expression level was continuously maintained
until the late stage of adipogenic differentiation (Fig. 1E). The
expression level of aP2, a typical adipogenic differentiation marker,
was dramatically enhanced at a late stage of differentiation when
MDH2 was introduced. In addition, several adipogenic differentia-
tion markers, in this case resistin, PPARc, and adiponectin, were
also increased upon the ectopic expression of MDH2. These results
strongly suggest that MDH2 is closely involved in adipogenic
differentiation.
3.2. The acetylation level of MDH2 is dependent on the extracellular
glucose concentration

Acetyl-CoA is used as source of protein acetylation, and the
level of acetyl-CoA is strongly affected by the extracellular glucose
concentration. Thus, we checked if the extracellular glucose con-
centration has an effect on the acetylation level of MDH2 during
adipogenesis. As shown in Fig. 2A and B, the higher the extracellu-
lar glucose concentration, the better adipogenic differentiation was
detected. The acetylation level of MDH2 was also well correlated
with the glucose concentration (Fig. 2C and D). Interestingly, the
expression level of MDH2 at a low glucose concentration was
decreased compared to that of at high glucose concentration. These
results clearly suggest that the acetylation of MDH2 is very closely
related to the extracellular glucose concentration.
C Glucose concentration (mM)  :        5.5         25        50

αα – Eno1 

α – MDH2 

α – aP2 

α α – MDH2 

IP AcK 

D 

0

500

1000

1500

2000
Acetylation

Expression

**

**

(%
 o

f c
on

tr
ol

)

Glucose concentration (mM)
5.5                  25                 50 

3-L1 cells were differentiated into adipocytes at various glucose concentrations. At
ained cells was carried out using a dye extraction buffer. (C) MDH2 acetylation was
tification of the expression and acetylation levels of MDH2 at several glucose



80 E.Y. Kim et al. / Biochemical and Biophysical Research Communications 441 (2013) 77–82
3.3. The enzymatic activity is enhanced by acetylation of MDH2

To clarify the roles of MDH2 acetylation, we constructed acety-
lation-block mutant MDH2 and then transducted it into 3T3-L1
cells using a retroviral expression system (Fig. 3A). The putative
acetylation sites K301, K307 and K314 were chosen for mutation
to arginine, with the term MDH2-3KR. The expression of MDH2-
3KR was confirmed using a Western blot analysis (Fig. 3B). The
transduced cells were differentiated into adipocytes by culturing
with a differentiation medium. 3T3-L1 cells expressing MDH2-
3KR showed significant reduced adipogenic differentiation com-
pared to that of wild-type MDH2 (Fig. 3C and D), indicating the
importance of the acetylation of MDH2. The expression of
MDH2-3KR was continuously maintained until a late stage of adi-
pogenic differentiation (Fig. 3E). Notably, the expression level of
aP2, a typical adipogenic marker, was also reduced upon MDH2-
3KR expression. In addition, the acetylation level of MDH2-3KR
showed a dramatic decrease compared to that of wild-type
MDH2 (Fig. 3F). The adipogenic differentiation markers, resistin,
PPARc and adiponectin, were also significantly reduced compared
to wild-type MDH2. These results revealed that the acetylation of
MDH2 is crucial for adipogenic differentiation.

Next, we tested the specific activity of MDH2 to examine if acet-
ylation has an effect on MDH2 enzymatic activity. As shown in
Fig. 4A, the ectopically expressed wild-type MDH2 showed higher
specific activity than MDH2-3KR at a late stage of adipogenic
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differentiation. This may have been due to the acetylation of
MDH2. Additionally, we examined the intracellular NADPH level.
The ectopic expression of wild-type MDH2 induces an increased
intracellular NADPH level (Fig. 4B).

4. Discussion

A variety of evidence suggests that metabolic pathways are
finely coordinated via the reversible acetylation of metabolic
enzymes in response to the state of nutrient availability [14,15].
The reversible acetylation of metabolic enzymes can occur imme-
diately and can thus induce a rapid metabolic switch compared
to transcriptional regulation. Protein acetylation is catalyzed by
lysine acetyltransferases (KATs) which use acetyl-CoA as an acety-
lation donor. It has been reported that changes in the availability of
acetyl-CoA can directly affect the acetylation status of cellular
acetylation substrates [16]. Acetyl-CoA enters the TCA cycle or is
used to synthesize fatty acids depending on the energy require-
ments of the cell. Obesity occurs when energy intake exceeds en-
ergy expenditure by hyperplasia (an increased adipocyte
number) and hypertrophy (an increase in the size of adipocytes).
Therefore, it is reasonable to assume that there are interconnec-
tions between adipogenesis and protein lysine acetylation.
Recently, we identified the MDH1 as a differentially acetylated pro-
tein during the adipogenic differentiation of 3T3-L1 preadipocytes.
Additionally, the acetylation of MDH1 increases its enzymatic
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activity, and activated MDH1 supports acetyl-CoA and NADPH
during fatty acid synthesis by accelerating the citrate shuttle
[14]. Here, we investigated the functional roles of MDH2 acetyla-
tion on adipogenic differentiation. As shown during the investiga-
tion, the acetylation level of MDH2 was dramatically increased.
The ectopic expression of MDH2 induced the acceleration of adipo-
genic differentiation. The mutant MDH2, in which the putative
acetylation sites were replaced by arginine, showed significantly
suppressed adipogenic differentiation of 3T3-L1 compared to
wild-type MDH2, indicating that the acetylation of MDH2 is very
important during adipogenic differentiation.

Acetyl-CoA is produced in mitochondria through the b-oxida-
tion of fatty acids and the oxidation of pyruvate to acetyl-CoA
[17,18]. When ATP is needed, acetyl-CoA enters the TCA cycle to
drive oxidative phosphorylation to replenish ATP. When the ATP
supply is sufficient, the acetyl-CoA can be diverted to other
purposes, such as energy storage in the form of fatty acids. How-
ever, the biosynthesis of fatty acids from acetyl-CoA cannot take
place directly because acetyl-CoA is produced in the mitochondria,
while fatty acid biosynthesis occurs in the cytosol. There is no
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exergonic nature of the citrate synthase reaction is of crucial
importance in keeping the entire cycle going in the forward direc-
tion, as it drives OAA formation by mass action principles. Malate is
the specific substrate for MDH2, the final enzyme of the TCA cycle.
The forward reaction of the cycle, the oxidation of malate, yields
OAA. In the forward direction, the reaction has a standard free en-
ergy of about +7 kcal/mol, indicating the very unfavorable nature
of the forward direction. As mentioned above, the citrate synthase
reaction that condenses oxaloacetate with acetyl-CoA has a
standard free energy of about �8 kcal/mol and is responsible for
pulling the MDH reaction in the forward direction.

Pyruvate carboxylase (PC) is an enzyme that catalyzes the irre-
versible carboxylation of pyruvate to form OAA. During adipogen-
esis, the OAA level is important, as condensation with acetyl-CoA is
the only means of transporting acetyl-CoA into the cytosol for the
biosynthesis of fatty acids [17]. In mammals, pyruvate carboxylase
is expressed in a tissue-specific manner, with its activity found to
be highest in the liver, kidney and adipose tissue. It has been
reported that the specific activity and expression level of pyruvate
carboxylase are dramatically increased during adipogenic differen-
tiation. Through this reaction, sufficient OAA may be prepared to
condense with acetyl-CoA to transfer acetyl-CoA into cytosol via
the adipogenic differentiation process. Therefore, MDH2 prefers
the catalyzation of the reverse reaction, producing malate. Then,
malate is translocated into the cytosol and converted into pyruvate
by the malic enzyme, leading to the production of NADPH. Accord-
ing to several reports [20,21], MDH2 physically interacts with CS
and PC. Collectively, the acetylation of MDH2 during adipogenic
differentiation induces an increase in the enzymatic activity and
catalyzes the formation of malate more efficiently, resulting in a
higher cytosolic NADPH level. These data clearly suggest that the
acetylation of MDH2 may be a form of cross-talk between the cel-
lular energy status and fatty acid biosynthesis (Fig. 4C).

In summary, during adipogenesis, the fine regulation of a bal-
ance among OAA, acetyl-CoA, malate, NADPH levels in the cytosol
and mitochondria may be critical for the efficient biosynthesis of
fatty acids. The acetylation of MDH2 can induce enhanced enzy-
matic activity. Therefore, the regulation of MDH2 activity by acet-
ylation is one of the most important regulation methods for
balancing these metabolites during adipogenesis.
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